Pilocarpine is found exclusively in species of Pilocarpus and the presence of other imidazole alkaloids has been reported in several species of the genus. Pilocarpine has several important pharmaceutical applications. Although several imidazole alkaloids related to pilocarpine have been reported in the previous years, little is still known about its biosynthetic route. At most, histidine has been reported as the precursor of pilocarpine. Based on our own previous reports and in an experiment where pilocarpine and related alkaloids (pilosine, trachyllophiline and anhydropilosine) were supplied to P. microphyllus leaves and the alkaloid profile analyzed by UPLC-MS, we suggest a biosynthesis pathway for pilocarpine. Further experiments using labeled precursors associated with transcriptome data may allow us to understand the whole biosynthesis pathway and its genetic control.
Pilocarpine is an imidazole alkaloid and is pharmacologically characterized as a parasympathetic agonist, increasing salivary, gastric and lacrimal secretions [1] . Its main pharmacological application is in the form of eye drops for the treatment of glaucoma [2] , but it may also be used for the treatment of xerostomia (reduced production of saliva) in patients submitted to radiotherapy [3] . Pilocarpine is found exclusively in species of the Pilocarpus genus and the presence of other imidazole alkaloids has been reported in several species of the genus [4] [5] [6] [7] , but their pharmacological applications have not been tested yet.
Jaborandi is the popular name given to various species of Pilocarpus distributed in the Brazilian territory. Although pilocarpine is found in the leaves of many of these species, only P. microphyllus, a native species of the north and northeast of Brazil, is used as the commercial plant source of pilocarpine [8] . With the purpose of finding an alternative source for pilocarpine extracted from jaborandi, several paths of the chemical synthesis have been proposed since 1970 [4, [9] [10] [11] , but have not proved to be economically viable due to their complexity. Therefore, pilocarpine extracted from the leaves of P. microphyllus continues to be the commercial source of this drug. A paste rich in other imidazole alkaloids is a by-product of this extraction [12] . Some studies have evaluated the effect of abiotic stress on the production of pilocarpine in P. microphyllus plants in order to find a model to study the biosynthetic route of pilocarpine. Avancini et al. [13] evaluated how nutrient concentration, stress and secondary metabolism inducers affected pilocarpine production in young plants. The genetic variability of jaborandi and its relation with pilocarpine production was also studied using seedlings grown in a greenhouse [14] . Abreu et al. [15] evaluated the production of pilocarpine in cell cultures produced from friable callus of P. microphyllus. In a subsequent study with cell suspensions, it was observed that many of the imidazole alkaloids normally found in leaves were also present in these cell suspensions and in the culture medium [16] . These results demonstrate that cell cultures may be used to study the biosynthesis of pilocarpine in P. microphyllus, but that alterations in the culture medium, such as pH for example, can affect the absorption and excretion of pilocarpine and other alkaloids by the cells [17] . A recent study determined that mainly ABC type proteins coordinate the excretion and absorption of pilocarpine by the cells [18] .
The concentration of pilocarpine and other imidazole alkaloids varies in diverse parts of the plant throughout the year [19] . Furthermore, the structural analysis of these alkaloids by mass spectrometry with electrospray ionization (ESI-MS), as well as the chemometric analysis of the results showed that there were three groups of alkaloid structures in jaborandi, which could be the result of parallel or competitive biosynthetic pathways.
In spite of the large amount of recently acquired knowledge about pilocarpine, little is known about its biosynthetic route, with only indications of possible intermediates in its biosynthesis [20] . Although Cordell [1] grouped pilocarpine and other analogous imidazole alkaloids as derived from histidine, this was based on preliminary results. Abreu et al. [15] observed that the addition of histidine and threonine to the solid culture medium (0.75 mM) led to an increase in the pilocarpine production in jaborandi callus.
Based on the previously determined structures of the imidazole alkaloids [20] and on the data obtained through the supply of selected alkaloids to leaves of P. microphyllus with the subsequent monitoring of the alkaloid levels, this study proposes a preliminary biosynthesis route of pilocarpine and related alkaloids. The leaves were incubated in water solutions containing the alkaloids pilocarpine, pilosine, trachyllophiline and anhydropilosine and after incubation for 12 hours, the alkaloids were extracted and determined by ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS). Figure 1 shows the alkaloids detected in this study. Table 1 shows the variations in the percentage of pilocarpine (4) and related alkaloids in the leaves due to the exogenous supply of alkaloids and Figure 2 presents the proposed biosynthetic route of the imidazole alkaloids in jaborandi. Data are expressed as percentages of total alkaloids detected. Leaves kept in water only presented an increase in pilocarpine (4) in relation to the freshly cut leaf (control) going from 43.63% to 58.96%. An increase in compounds 7, 8 and 10, but a reduction in compounds 1, 5 and 6 was observed as well. It is noteworthy that pilosine (6) is an Figure 1 ) found in the leaves of P. microphyllus submitted to several treatments. Figure 1) intermediary between 8 and in the content of pilosine (6) indicates that its transformation into anhydropilosine (10) is more efficient than the transformation of 8 into pilosine (6) . The reduced content of 1 and the increase of pilocarpine (4) also indicate an efficient conversion.
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It is known that some abiotic stresses, such as salinity, hypoxia and inducers of defense proteins (jasmonic acid and methyl jasmonate), affect the pilocarpine content [13] . So, although the control leaves were kept in water only, the stress caused by the act of removing it from the plant may have consequently altered the levels of the alkaloids under study.
Incubation with exogenous pilocarpine resulted in a discreet increase in the amount of 1 (from 0.66 to 1.10%), 5 (from 2.64% to 3.31%) and 10 (from 1.32% to 2.09%), while the pilocarpine content remained practically unaltered. One possible explanation is that pilocarpine is naturally found in high concentrations in jaborandi tissues, so the solution used to incubate the leaves (although in reasonably high concentration) was not enough to vary the total concentration of pilocarpine in these tissues. On the other hand, the increase in the contents of 1, 5 and 10 indicate that the exogenous pilocarpine may have caused retroinhibition and directed precursors to the other two proposed biosynthetic routes (Figure 2 ).
The leaves kept in water were also compared with those that received an exogenous supply of pilosine (6) , which resulted in an increase in the pilosine content, going from 37.80% to 50.36%. Furthermore there was a clear increase in anhydropilosine (10) content (from 1.32% to 9.48%), confirming the position of this compound in the route shown in Figure 2 and indicating that this conversion is metabolically efficient. On the other hand, the exogenous supply of pilosine (6) led to the reduction of 1 (from 0.66% to 0.33%), pilocarpine (4, from 58.96% to 42.65%) and 8 (from 1.76% to 0.55%). Comparing the percentages found in the leaves kept in water with this experiment, pilocarpine contents decreased by 28%, but the reduction in the contents of 1 and 8 were proportionally greater (over 50% reduction). So, in some way, pilosine may control pilocarpine contents by retroinhibition. It might be elucidative to understand pilocarpine biosynthesis by supplying these alkaloids to P. spicatus, which does not have pilocarpine in its leaves, but presents the other imidazole alkaloids that belong to the biosynthetic route of pilosine (1, 6, 7, 8 and 10) [21] .
By comparison, the leaves kept in a solution of trachyllophiline (7) presented a large increase in the content of this alkaloid (from 0.88% to 14.77%). This alkaloid is normally found in low concentrations in jaborandi leaves so the exogenous supply led to a large increase in the tissue concentration. Curiously, there was also a large increase in the content of anhydropilosine (10, from 1.32% to 5.73%), but a reduction in pilosine (6, from 37.80% to 26.45%) and 8 (from 1.76% to 0.88%). Analyzing the structure of anhydropilosine, it is unlikely that it could be directly derived from trachyllophiline (7) . Therefore, it is more probable that the supply of trachyllophiline caused a redirection of the biosynthetic route to the synthesis of pilosine (6) and its transformation into anhydropilosine (10) . Again, this suggests an efficient conversion between these last two alkaloids.
The exogenous supply of anhydropilosine (10) to jaborandi leaves led to a great increase in its content, going from 1.32% to 44.19%. Again, this variation may be explained by the normally low concentration of this alkaloid in jaborandi leaves, so that its exogenous supply resulted in a high relative increase. This supply led to a notable reduction in the contents of pilocarpine (4) (from 58.96% to 33.94%), as well as a reduction of pilosine (6, from 37.80 to 20.83%) and compounds 5 (from 2.64% to 1.98%) and 8 (from 1.76% to 0.66%). Therefore, it seems that anhydropilosine (10) exerts a strong control over the levels of the other alkaloids. The reductions were observed for precursors of anhydropilosine (6 and 8) and also affected the other two routes, which led to the biosynthesis of pilocarpine and compound 9. Thus, it appears that anhydropilosine acts as a non-specific inhibitor, affecting the whole biosynthetic pathway. Again it would be interesting to use P. spicatus in a similar study.
The data presented herein demonstrate that, although normally found in low concentrations, the levels of anhydropilosine (10) and trachyllophiline (7) appear to have an important role in the regulation of the biosynthesis of pilocarpine through retroinhibition.
In order to establish a biosynthetic route in plants, several strategies may be used. One of the most commonly used is the supply of precursors marked with radioactive labels or heavy isotopes, and posterior identification of the compounds that incorporated these markers [22] [23] [24] . The basic knowledge of possible chemical reactions (for example, methylation, oxidation, acylation) and the structure of the compounds also permits the proposition of a possible metabolic route [25] . Another alternative is to provide specific inhibitors to plant tissues and follow the variation of the compounds of interest, or, as used herein, to supply compounds that belong to the route under study interfering in the normal metabolic flux. However, these strategies permit the identification of possible routes, and, to confirm possible metabolic grids, the enzymes possibly involved need to be tested with the proposed substrates, in order to establish the products that are actually formed. Recently, transcriptome analysis has aided the discovery of the enzymes that are possibly involved in a reaction, based on the knowledge of the structures of both the precursor and the probable product. This strategy permitted the identification of the gene and the further production of a heterologous CyP450s involved in the biosynthesis of podophyllotoxin in Podophyllum hexandrum and P. peltatum [25] . Such a strategy, based on the transcriptome of P. microphyllus and P. spicatus is being used in our laboratory to identify the genes and proteins involved in the biosynthesis of pilocarpine. P. spicatus does not produce pilocarpine but produces other alkaloids of the pilosine pathway [21] . Therefore, the biosynthetic pathway presented herein will serve as an initial draft to survey genes differentially expressed in the transcriptome of the two species.
